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SECTION 1.0
INTRODUCTION

This report describes a study of the effects <f scat-
tering by the atmosphere and the earth on observations of the
earth to be made by the Thematic mapper scheduled for launch
on LANDSAT-D. The small field of view of 'the sensors of this
instrument, their sensitivities and high radiometric resolution
may significantly increase the accuracy of classification
achievable by a satellite. Atmospheric scattering of light may,

. however, present problems that cannot be resolved through instru-

mental design improvements. 1t is the object of this study to
evaluate the impact of light scattering by the atmosphere and
the earth.

Our approach to the problem is to employ a sophisticated
Monte Carlo computer code to simulate the transport of radia-
tion from its source (the sun) to the satellite-borne receivers.
We can, thus, include the impact of Rayleigh and aerosol light
scattering and the scattering of light by the ground both
within and beyond the instantaneous field of view of the sensor.

The remaining portion of this section discusses the
general problem of signature contamination by atmospheric
scattering; the details of the Monte Carlo code empleved in
this study; the specifications of the details of the model
for the atmosphere-earth-receiver system; and, finally, a.
summary of the specifications of the Thematic mapper.

Section 2 presents the results of a number of simulation
studies employing models of the earth's reflectivity which are
specifically chosen to illuminate certain effects in a
quantitative way. Herec, arc examined, for ckample, the effects
of a single albedo boundary on the carth, the cffects of
varieble -ficld size, and the effects related to the patchwork
character of the carth as viewed from a sustellite.
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In section 3 we address the problem of calibrating the
intensity, i.e., of associating a sensced intensity with a
definite albedo,

A general formalism for treating atmosphevic scattering
is outlined in scection 4. Here we introduce the concepts of
the atmospheric spread function and the modulation transfer
function (MT1). Specific examples are computed for the MTIF
and its importance as a tool for analyzing total system per-
formance is discussed.

In section 5, we examine the problem of classification
and obtain analytical tools which permit the spread function to
be usecd quantitatively to evaluate the impact of atmospheric
scattering on classification accuracy. We outline the qualitative
features of the impacts of training set sampling strategies, the
characteristics of the atmospheric spread function, and heterogencous
albedo patterns,

Finally, in scction 6, we outline our conclusions and
make a number of recommendations,




1.1 SIQNATUQE CONTAMINATION RY ATMOSPUHERIC SCATTERING

In order to understand the importance of the scattering
effects of the atmosphere with respect to observations to be
made by the Thematic mapper, let us consider, for the moment,
the fundamental basis of remote classification schemes.  The
basic premise is that the character of an unknown region may
be determined by measuring the intensity of light reflected from
the region in scveral wavelength bands., Classification is
achioved by identifying the measurced spectral intensities with
spectral intensitiecs measured for a known region (training

ficld) under similar conditions.

Two basic assumptions arc implicit in this process.
The first is that the spectral intensitices o the light incident
on the viewed region are known and fixed; i.e¢., the same for
the vicwed region as for the training field. Sccondly, it is
assumed that all light entering the sensor has been reflected
from the viewed repion.

Atmospheric scattering offocts violate these assumptions

to some (often unknown) degree in the collowing ways:

1) Some of the light entering the scensor has been
reflected from the ground outside the 1TOV and
subsequentl]y scattered by the atmosphere into the
sensor.  This becomes important when the extent and
character of the region surrounding the IFQV
differ mavkedly from that {or the training fiecld.

2) Seme light entering the sensor has beoen scatterced
by the atmosphere only and has not been reflected
from the ground.  This may contribute to classifica-

tion crvors in two ways., 16 the training measurements

have been taken frowm satellite obsorvations when tho

atmospheric turbidity was different from that

Al
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prevailing over the unknown region, then error
may be introduced. Secondly, if the training scts
arce taken from ground level ohservations purcly
atmospherically scattered light (path radiance)
adds an additional component which must be taken
into account to achicve accurate classification.

3) Some cf the light incident on the viewed region
has been spectrally modified by previous reflection
from the ground outside the viewed region. This
can be important when the area surrounding the
instantancous ficld of view (IFOV) differs in
character or extent from the region surrounding
the test field.

Since the effects of pure atmospheric path radiance
are moderately well known, this study is primarily focused
upon cvaluating the influence of the regions surrounding the
IFOV which contribute to sensed radiances through atmospheric
scattering.
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1.2 MONTE CARLO SIMULATION OF RADIATIVE TRANSFER

In order to gain an understanding of the impact of
atmospheric scattering and varigated ground rcflectance patterns

on Thematic mapper ohservations, it is neccessary that calcula-

tions include consideration of all of the important aspects of
the radiative transport of light from the sun to the sensor.
The most straightforward mecans to accomplish this is through
Monte Carlo simulation. The code CTRANS (Ref. 1) is well |
suited to the present task since it possesses the following

features:

1.

The atmosphere is modeled as plane-parallel and multi-
layered with up to 100 homogeneous layers. Each

layer may be composed of up to five optically active
(scattering or absorbing) species: molecular
(Rayleigh) scatterers, aerosols or biases (mono-
disperse or polydisperse), ozone, etc.

Up to 10 finite clouds of rectangular solid shape
may be superimposed on the ambiant atmosphere.

Arbitrarily high orders of atmospheric and ground
scattering may be included.

The receiver may be modeled as having an arbitrary
field of view and may "be oriented arbitrarily.

The earth's surface may be modeled as a horizontally
inhomogeneous varigated map of Lambertian reflectivity.
Several such maps may be treated simultaneously, thus
facilitating accurate ccmparisons amongst the effects
of different ground reflectance patterns. Additionally,
a given region can be modeled as representative of

the surface of the sea using the wave slope model

of Cox and Munk (Ref. 2) and Fresnel reflectance.

R XAN]




6. Polarization effects are taken fully into
account.

1.2.1 Photon Transport and Sampling

CTRANS tracks photons backwards initiating them at the
receiver and following them through successive scatterings on
their path through the atmosphere. Backward tracking has been
adopted for a number of recasons., It permit the efficient and
direct simulation of receivers with finite £ 1ds of view and/

.or finite extent. A forward tracking scheme - uld require

the distribution of initial photons over a w: 2 area when
horizontal inhomogencities are present and this would introduce
large variances in the results. By initiating photons at
the receiver, this source of variance is largely avoided.

To understand backward tracking, consider first a
single scattering event. If lo is the Stokes vector of
incident unscattered light, S is the scattering phase matrix
and R is a rotation matrix which serves to rotate the plane
of reference of the Stokes vector into the scattering plane,
the Stokes vector after scattering lf is given by

I~ R SR

1,

where Rr rotates the final Stokes vector into the reference
planc of the receiver. After two scatterings, the final
Stokes vector will be

I. =R

¢ 2 By 1

T 22 Er -]l ~o

Cast in this way, it is apparent that what is important is
the product matrix which is built from the scattering matrices

appropriiate to the string of scatterings suffered by the photon.
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~one sun by another mecans changing only these two matrices.
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This product can be built up either from the left or from the
right with the same result; i.e., we may cqually well follow
the photon's history forward or backwards if we accumulate
scatterings propevly into the product [which we call the
cunulative scattering matrix].

There is a further advantage in tracking backwards:
contributions from scveral solar directions may be accumulated
from a single track. For example, if the photon is tracked
backwards from the receiver, only the last rotation and
scattering contain any refercnce to solar direction. Replacing-

For each solar direction, at most, two 4 x 4 matrix multipli-
cations must be performed.

Photons are initialized at the receiver; which may be
general in the following ways: it may have finite or infinites-
simal field of view; it may be oriented pointing toward any
zenith angle with any azimuthal angle; it may be at any altitude
and have any specified x-y coordinate. On the other hand, for
flux calculations the receciver aperture may be finite. This
is accomplished by letting the receiver be an entire cloud
face (any face of any cloud, pointing into or out of the
cloud).

First, initial photon coordinates are created. If the
receiver is a cloud face, initial photon coordinates are chosen
from a uniform distribution over the cloud face. The photon
direction is then determined using: 1) uniform distribution
over solid angle for a cloud-face receiver, or 2) uniform
distribution over the field of view of an infinitessimal
receciver, or 3) in a specified direction if the field cof view
is infinitessimal. For each type of distribution, the appro-
priate weight is computed (to be multiplicd inte the sampled
values upon sampling),
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The distance to be traversed to a scattering is computed
on the basis of optical distance to be traversed: if p is a
uniformly distributed random number, the optical distance to -
be traversed is given by

T B - Np (1.2.1)

Through reference to a table containing the optical thickness
of cach layer of the ambient atmosphere and taking into account
the added optical density in the interior of clouds, the optical
distance traversed and physical distance traversed are incre-

.mented until an optical distance 1 has been rcached. If, before

this has occured, the photon exits the atmosphere, the photon
is terminated.

Having located the position of a scattering, the scatterer
type is chosen on the basis of the relative contribution of
each scattering species at that point to the local optical
density. Here, a cumulative distribution function, which has
been tabulated for cach ‘layer of the ambient atmosphere, is
used in conjunction with any additional optical density due
to the presence of a cloud. Photons are not explicitly absorbed.
Instecad, a weight is accumulated which at any point along the
path reflects the probability that the photon has not been
absorbed.

After having determined the scatterer type, the probability
that the photon could have come from ecach sun is sampled. If
21 is the cumulative scattering matrix at the point of sampling,
the sampled Stokes vector will be

-t.

;s = SI Ei EQ e jw (1.2.2)

e
— ——

L

wvhere Ri is a rotation matrix appropriate to a scattering into
.th- . . . . .
the j solar direcction; S. is a scattering matrix (a Mueller
!

matrix if the scattered is an atmospheric constituent); I0 is
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the incident Stokes vector in the I, Q, U, V represcentation;
tj is the total optical distance along the path connccting

the scattering point and sunj; w is a weight reflecting the
probability that the photon has not been absorbed (including
ground absorption for Lambertian regions encountered). There
will be a different value for w for each Lambertian alhedo
map. Note that the above form assumes that 10 represents
initally unpolarized light. If the incident light from the
sun were polarized, an additional rotation would be nccessary.
Rj has the foim

1 0 0 0

r.=] 0 cosZX sin2X 0

J V0 -sin2X  cos2X 0
0 0 0 1/ (1.2.3)

where X is the rotation angle between the normal to the pre-
vious scattering plane (or the reference direction in the
case of first scatterings) and the normal to the scattering

h

plane for a scattering into the jt solar direction,. Sj has

the general form

811 S1, 0 0
. S_:i;”" S15 S,, 0 0
) 4n 0 S1s Ss4
0 0 -5 S (1.2.4)
| 34 44

where S& n depends upon scattering angle. For Rayleigh
. . - = 3 2
scattering, S11 S22 7 (1 + cos Bj)

2

S12 = % (cos Bj-l)

10




S = 5

_ 3
33 © S4q T 7 €05 B,

834 = 0

wherc R, is the scattering angle for a scattering into the

jth solar direction, For Lambertian scattering at the ground

511 = 4 cos ej, where ej is thce zenith angle of the jth sun
and all other matrix elcments are zero. Lambertian reflection

thus is perfectly depolarizing.

Miec scattering and Fresnel scattering both have matrices

‘with the form of Eq. (1.2.4). Mie elements are stored in

tabular form and values for particular scattering angles are
obtained by interpolation., The Fresnel matrix elements are
given in the discussion of ground reflectance.

The next step after sampling is to accumulate a "real"
scattering. Knowing the scatterer type, an appropriate scatter-
ing angle is found. If the scattering angle were chosen from
a uniform distribution, and if the scattering matrix appro-
priate to the medium exhibited sharp peaks, then most photons
would rapidly lose weight and large numbers of photon tracks
would be necessary in order to achieve a reasonably small
yariance. To resolve this difficulty, we use the concept of
importance sampling. We choose the scattering direction
from a biased distribution designed to maximize the resultant
contribution., The bias thus introduced is then removed by

applying a weight. More concretely, we wish to fold in a
scattering matrix

IR 5,5 0 0
dw
| sy, S5, 0 0 dw
S 0 0 S s am

33 34

0 0 “S34 S44

11




times o oconstant chosen so that the first matrix olement is

.‘w“ . .‘w“ 0 ]
). N, 0 0
1 () dw
0 0 S, S, -
‘(I\) 53 .\" 4‘"
-9 w 2 [
0 0 S 544 (1.2.5)

Tastead of choosing the scatterving angle from.a probability
distribution covvesponding to the probabhility Jdensity j:
(uniform), we use the distribution corresponding to the

probability density LLB}HJN. The weipght of the photon follow-

ing the scattering can thus be maximized by choosing f(ﬁ)vsll

always unity. A real scatteving is accumulated by multiplying
into the cumulative scattering matrix fivst a rotation, and

then the scattering matrix,

The process is repeated until ecither a Jdesipgnated wmax-
imum number of scatterings have been su{fered, the photon
leaves the atmosphere or its weipht dvops below the assigned

threshold (due, for example, to atmospheric absorption),
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1.2.2 Ground Scattering

CTRANS has the capability to model reflections from
spatially inhomopensous ground.  In the present version of
the code, the physical mechanism of retflection may be modeled
as cither Lambertian veflection or as Fresnel reoflection {rom
a rouph surface and these modes may be intermixed in a patch-

work fashion,

Reflectance type is basically controlled by a refllec-

tance type map which dictates the reflectance character from

“point to point across the infinite ground plane. When a

photon strikes the ground, its impact coordinates are com-
puted and then used to decide whether the point of impact

was within a Lambevtian or a rough Vresnel region,

Since Lambertian retflection is not physically depen-
dent upon the direction of incidence or reflection but only
upon a scalar Lambertian alboedo, CTRANS can model simul-
tancously the eftect of several values (up to 220) of the
albedo tor cach of the Lambertian repions, This is accom-
plished in the following way: A vector of scalar weights
is maintained; one tor cach albedo map. When o Lambertian
scattering occurs, the albedo at the point of fwmpact is
determined for cach of the albedo maps and this is multiplicd
into the corrvesponding albedo weipght to obtain o new weight
for subscquent use.  Upon sampling, cach current alboedo
weight is folded into the sampled Stokes vector to obtain
samples corresponding to cach of the allowed albedo maps,
1€ the impact point lics within a Fresnel region, however
the vector of albedo weights is left unchanged (since.it
represents tie cumatative offocts of only the Lambertian

roepgions).




|
Symbolically, the entive reflection process is as
{ follows: given an old cumulative scattering mutrix'so, the
new one, SN’ is computed as:
o +
i SN Q R )
\ { where R is a rotation matrix and s depends upon the reflectance
| \ type at the impact point. Specific examples are
l. cos 0 0 0 0
Lambertian s = 0 0 0 0
0 0 0 0
0 0 0 0
f and
’
b Sy, S 0 0
Fresnel - s = 12 11
] 0 83.5 0
0 0 833
1
i
t, " .
where Sii represent Fresnel matrix cloments: ;
; \
| .
‘ S.. = (R,,% + R 2)/2
i 11 11 1 7"
. 2 y 25 79
| Syp2 = Ry - RyH/z
S33 = Rip &y

14
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The vector of scalar weights is rencwed according to

new
A

N_COS Xy = CO8 X

noCos x| ot ocos X,

Cos X; - n <oy Xy

Ot VU U U

COS X, * 0 Cos X,

relative index of refraction of the surfuace
angle of incidence

angle of refraction, computed for X i through

/

¥

Snell's law at the interface: n sin Xg = sin Xy-

old : . one
L X a.(J:X,
/\:L X 11( XLY)
- - . - ‘
coordinates of impact point 1

region is Labertian and the values of
ai(lr-],.].lm are determined from the Lambertian

albedo maps according to the coordinates (X,Y)

region is Fresnel a, = 1(i=1,220.

For rouph Fresnel ropions, the roughness is characterizoed

as a distribruion of randomly orientsl sloping plance facets |

(ref. 2). The probability Jdensity for the distribution of
slopes was chosen to have two - dimensional Goussian {form.
PLEym 20y 820 800 is the fraction of a small horirontal unit

arca of surface for which the a,y components of the slope arve

within

NS
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P2y 2) = (0%) 1 ooxp ['(sz . zyz)/ozl

2 - .
The variance, oY is specified either by three parameters W0,

W1, W; or as a sct value specificd on input.  When specified
o/
through parameters, o is given as

g = W0 o+ Wl x W

2

W represents wind speed (m/sec) in a model for the surface of

the sca™) and W0, W1 have cither their Jdefault values (W0 =

—

CL0015, W1 = 2,54 X 10-0) or values specified by card input.

In the present code, all rough PFresael regions share the
same paramctric values,

The above form for p(me Zy) represents that applicable
for a photon incident from the vertical. For photons incident
from some other direction, the distribution must be modificd.
Let the photon's Jdirection be given by unit vector ﬁ, the
divection of the normal to a facet be G, and the vertical
direction be 2.  The probability of cncounter will then be
given by

k'n -
TR TR TR p ( n ) .
(n-2)(k-2)

Having Jdetermined a Slopo at the photon impact point,
the angle of incidence and, thence, the Vresnel matrix
clements can be determined., 1 K and k' are the directions
of propagation of the incident and reflected photons, their
relation to n is

i\\" = }: ~
b et A
Y
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When sampling the contributions of unscatterad photons from
the Sun at a ¥resnel scattering point, the divection of
reflection is piven by the solar divection and one merely
evaluates the probability of having encountered a slope
having the proper orvientation., Note that in the present
model the location of the Sun is given by a Dirac delta
function (incoming plane waves) rather than being spread
over a small angular repion.  The impliecd dintegration over
the solar direction (or, equivalently, the change of vari-
ables within the delta function specifying the solav

direction) introduces an additiona factor of

A

25 -7 (ke d

-~
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1.3 MODEL CONDITIONS
: ‘

An atmoéphcrc was chosen so as to represent clear
normal conditions characteristic of the rural midwest., This
choice was dictated by the task of the Thematic Mapper to
classify agricultural regions. Because ozone is only weakly
optically active over the waveclengths included in the bands
senscd by the Thematic Mapper, it was omitted from the simula-
tion. The particle number density for the aerosol and Ray-
leigh atmospheric components are shown in figure 1.2. The
acrosol is represented by a '"Haze C"-'polydispersion with a
particle size distribution give by

n(d) = 0 dido
n{(d) = ¢ d0<did1
_ -4
n(d) = cd dlididmax (1.3.1)

Normalization provides that ¢ is given by~

c =N —+ (1.3.2)

where N is the total number of particles per cubic centimeter
and the values chosen for d, and d, were

[a ¥
L]

0 0.06um. (d = 16.16 um.)

max

[a N
i

1 ° 0.2um.

The aerosol particle index of refraction was chosen to be
m=1.50+40.0i, i.e., the acrosol was non-absorbing.

18
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In the calculations to be reported here, we usced our
standard atmosphere modified to span the turbidity levels to
be expected in the vicinity of agricultural regions., This was
accomplished by using our standard model for the Rayleigh
(molecular scatterers) portion of the atmospherc together with
acrosol components obtained from the standard model by scaling
the acrosol densities by a numerical factor which we call the
turbidity, t. The models considerced here include t=0, 1, 3.
The vertical optical thicknesses corresponding to the Rayleigh
and acrosol components as a function of wavelength are given
in Table 1.1.

The receciver or detector was placed at an altitude of
704 km pointed towards the nadir. No attempt has yet been
made to model the cross-track scan of the receiver since this
is to be cxpected to contribute only weakly to changes in
vicewed radiance across a scene. Sources of variance in detected
radiance while scanning include bidirectional reflectance
effects, small changes in attenuation duec to variation in the
slant path range between the IFQV and the detector, and small
changes in the pure atmospheric path radiance (due to changes in
the -slant path range and to changes associated with the angular
dependence of the scattering phase functions for primary
scattering).

The field of view of the receiver was modeled as finite
in most of the calculations. Our initial studies assumed a
circular field of view with an apex semi-angle of 42.6 micro-
radians resulting in a ground footprint which was circular
with a 60 m diamcter. This was changed in our later calcula-
tions to a squarc fiecld of view with angular sprecad of 42.6
microradians (30 m squarc footprint) in order to conform more
exactly with the specifications of the Thematic Mapper. In
addition, somec calculations were performed with an infinitessimal
ficld of view. The responsc ol the receiver was taken to be
uniform (flat) over the ficld of view for the.square field of
view.

20
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TRayleigh Tperoso]l —— . optical thickness

A t=0 t=1 te3 ————— turbidity
(um)
.47 .1893%4 0.0 . 24359 .73076
.55 .10037 0.0 .21237 .63711
1.65 .001189 0.0 .07332 .21997
Table 1.1

Raylcigh and Acecrosol Vertical Optical Thickness
for Modeled Wavelengths and Turbidities

21
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Ground reflectances were modeled as Lambertian through-
out the initial study even though the code CTRANS has the
capacity to treat other types.of relectance, The reflectivity
of the pround was modeled as horizontally inhomogencous, consisting
of various onc and two dimensional patterns specifically chosen
to aid-in the analysis of the impact of ground and atmospheric
scattering on observed radiances., These patterns included
models of the boundary between two semi-infinite planes with
differing albedos, albedo patterns varying sinusoidally (used
to compute the atmospheric modulation transfer function),
isolated square regions of varying size situated on an infinite,

~uniform background, pairs of adjoining squarc regions, and,

checkerboard regions, and infinite uniform ground planes.

The effects of clouds and horizontal gradients in the
atmospheric turbidity have not vet been studied. The present

code, CTRANS is, however, capable of treating these additional
complications.

The solar zenith angles for which most of our calculations
were performed were: 40°, 55°, 70° and are representative of

the range expected to be encountcred by the Thematic Mapper.

Primarily for reasons of economy, we have not modeled
all of the wavelength bands of the Thematic mapper. This study
treats cxplicitly three wavelengths spanning the visible aud
near infrared: .45um, .55um, and 1.65um. It should be noted
that we have modeled the transport of light of specific wave-
lengths and have made no attempt to integrate over the bands.,
Additionally, we should point out that the normalization of
the solar flux incident upon the top of the atmosphere was
taken, for all wavelengths, to be unity. Thus, actual expected
intensities at the receiver may be obtained by scaling the
modeled intensity by the value of the extraterrestrial solar
flux for the appropriate wavelength.

22
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1.4 THEMATIC MAPPLER SPECIFICATIONS

For information purposes, we include here a bricef
description of the specifications of the Thematic Mapper
(ref.3) Spcctral Bands:

Band No. Band Radiometric
(micrometers) (NEp) (NETD at 300k)

1 0.45-0.52 0.008

2 0.52-0.60 0.005

3 0.63-0.69 0.005

4 0.76-0.90 0.005

5 1.55-1.75 0.01

6 10.40-12.50 0.5X

Where NEp is the noise equivalent reflectance and NETD is the
noise equivalent temperaturc difference. The spectral region
and radiometric performance of a seventh proposed band had

not yet been specified at the inception.of..this study.

ORBIT

The orbit is to be sun synchronous and circular with
an orbit incination of 98.2 degrees. The design altitude
is 705 km and the north to south equitorial crossing time is
0930 hours local time.

.SPATIAL COVERAGE

The cross-track and along-track IFOV will be approx-
imately 42.6 microradians for bands 1-5 corresponding to a
30 m field of view. The IFOV boundarv is at the 50% responsc
level. Cross track scanning will be approximately +7.5°, or
about 185 km coverage.
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SQUARL WAVE RESPONSE

The square wave modulation response (defined as the

ratio of the peak-to-peak signal modulation produced by
scanning a series of high contrast squarce wave targets to the
signal modulation produced by scanning a series of square
wave targets with half cycles of 500 m) is given below:

Band 1-5, and 7

ground target size (m) 500 60 45 30 15
modulation responsc 1 0.85 0.70 0.35 informatior
only
STEP RESPONSE '

When scanning a step function (edge) of input radiance
final steady state response (within 0.5%) it is to be achieved
by the fourth receiver ficld of view dwell time after the
start of the response. Overshoot/undcershoot is to be limited
to 1% of the step size. Rise time will be less than 1.6
receiver field of view dwell times (2% of steady state to 2%
of steady state).

DIGITIZATION

Eight bit digitiation will be used (up to 256 gvey levels),
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SECTION 2.0
MODEI, OBSERVATTONS OF GROUND PATTERNS

Since we are primarily interested in the results of

image degradation as induced by the interactions at atmospheric
and ground scattering, a very natural approach is to choosc
certain definite and particularly uscful ground albedo patterns
for usc as investigative probes. Since CTRANS can trcat a
number of Labertian ground patterns simultaneously, it can
model a scan across a boundary simply by modeling a series

" of identical patterns with successive incremental displace-

ments. When the same set of photons is used to compute results
for a number of albedo patterns, there is an important additional
benefit: the variance in the computed intensities from one
pattern to another is greatly reduced (even though the variance
in the absolute valucs of the intensities are larger). An
example of this is found in scans across the boundary of two
semi-infinite planes: those will be recaltively little error
from point to point along the scan but there may be larger

error (normal statistical variation) in the overall scaling
which would amount to a shift of the entire curve up or down.
This should be remembered especially when evaluating comparisons
between statistically independent runs  [results for each
turbidity are derived from scparate runs].

The results to be presented here are derived from three
patterns: a semi-infinite plane, a squarc field on a uniform
background, and a checkerboard pattern. The boundary of the
semi-infinite plane is scanned, as is a boundary of the checker-
board. The isolated field is allowed to expand in order to
investigate, specifically, field size effects. With each study,
we also have included albedo patterns corresponding to infinite
uniform plancs. This provides asymptotic values, a means for
intercomparison and calibration constants required to transform
the sensed intensities to offective albedoes as discussed in

Scction 3.
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Some of our earlier calceulations weve performed using
a civeular TEOV with a 30 m radius, while later results model
the TEOV of tlhe Thematic Mapper move closely, i.c., as i

30.m square,




2.1 AN ALREDOQ BOUNDARY:  SEMI-INFINITE PLANES

In order to study offects which are induced merely by

the presence of boundarices in the albedo pattern of the carth,

it is extremely useful to analyse the sinplest possible case:

< the boundary hetween two semi-infinite gound planes of diftering
Lambertian albedo (illustrated in figure 2,1).  In order to
simulate a scan across such a boundavy, CTRANS models the
obscrved radiance for a number of independent ground albedo

; maps differing by the location of the boundary with respect

i to the instantancous ficld of view (1FOV).,

In our initial computation, illustrated in figure 2.2,
we compare the intensitics senscd while traversing boundaries
l~ with three differing contrasts.,  The albedo pairs of the semi-
infinite plances were (0.0, 0.0), (0.5, 0.1}, (0.4, 0.2). The

- atmosphere in this case was our standard atmosphere and the
‘ wavelenpth was 0.55pim. Several significant offects are to !

! be noted.  Bven at distances as larvee os 2 km from the boundary,

L the sensed intensity diftfers Crom its asymptotic value. As i“
, the TFOV approaches the boundary, the offects of the boundary
‘ bepins to strongly affect the intensitics at a distance de- 1

pendent upon the contrast of the boundary, - For high contrast
the inner region of strong interaction may be as lavge as
one KNilometer. This is, to some eoxtent, dependent upon the
size and shape of the TEOV, which in this initial computation

was taken to be cirveular with o diameter of 00 m at the

ground, i.c., larger than the 1ROV tor the Thematic Mapper,

1
!
The boundary effects are duc to the scattering prop.
ertics of the atmosphere.  These scattering propervtices will
be functiens of acrosol vontent and distribution as well as i,

being wavelength dependent,  The stronpest part of the wave-
Tenpgth dependence arvises from the tact that the Rayleinh

-~

(moleculur) scattering cross section is proportional to )\
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INTENSITY FIGURE 2.2,
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The acrosol scattering cross section is also wavelength
dependent but varices much more slowly with changes in wave-
length than the Rayleigh cross section. In order to examine
these effects we repeated the semi-infinite planc claculation
for three atmospheres differing in acrosol content and computed
results for three wavelengths: 0,47, 0.55, and 1.65 m. Addi-
tionally, the range of distances from the boundary was extended
to 10.0 kms, and the size and shape of the IFOV was modeled

to match that of the Thematic Mapper i.e., as a 30 m square

on the ground. The three acrosol distributions are given in
terms of the ratio of the aerosol density at a given altitude
to the aerosol density at the same altitude for the normal
atmosphere. This ratio is termed the turbidity. Taking
turbidities of 0, 1, and 3, we span the expected acrosol con-
tent range for agricultural regions.

A summary of the results of thesc computations is
presented in {igures 2.3 through 2.7. Here, the distance

of the IFOV {rom the beoundary is presented on a logarithmic scale.

The top threc curves correspond to the bright side of the
boundary while the bottom curves describe the behavior eon the
dark side. The dashed portions of thc curves are the results
of interpolations between computed points on either side of
the boundary. Comparison of figures 2.3, 2.4 and 2.5 illus-
trates ‘the effect of changing the wavelength with other param-
eters held constant. Figure 2.3 includes scales indicating
the percent error from the intensity values corresponding to
infinitce uniform plancs. In figure 2.4, wec comparce results
computed for solar zenith angles of 40° and 70°. It is scen
that the major coffect of incrcasing the solar zenith angle

is attenuation which shrinks the curves and reduces the con-
trast observed while scanning across the boundary. Figures
2.6 and 2.7 indicate the impact of reduced contrast at the
boundary., Onc cffect of decreascd contrast is to shift the

curves rclative to one another making the bright side intensity

i maT
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relatively more, independent of atmospheric turbhidity than
the dark side curves. This is particularly cvident in
figure 2.7.

As may be scen, at a distance of 10 km, the dark side
intensities have very nearly achicved their asymptotic values.
For the bright side for shorter wavelengths, higher turbiditics
and high constrast, the presence of the boundary is still felt
to some extent even 10 km distant from it. When the boundary
contrast is reduced, however, the asymptotic values are achieved
by 10 km.

One important fecature of the curves which we shall dis-
cuss later is that they are nearly linear in the logarithm of
the distance from the boundary over a fairly wide range. This
behavior cannot be truec close to the.boundary and must not be
precisely true at great distances from the boundary. Neverthe--
less, for intermecdiate distances (on the order of 0.5 to 2.0 km

for low contrast) this linear bchavior is an important charscter-
istic.

Some further insight may be gained by considering to-
gether.computations for all wavelengths and turbidities. It
is true that the scattering properties of one atmosphere at
a given wavelength and turbidity will not be the same as those
for an atmospherc with lower turbidity at a shorter wavelength
even though the total vertical optical depths may be the same.
Neverthecless, some insight may be achicved by examining the
boundary effects simply as functions of the total vertical
optical depth. Table 2.2 gives the total vertical optical
depth for each wavelength and turbidity.

In {figure 2.8 we have plotted the change in intensity
at the boundary of two semi-infinite plancs of albedo A=0.3
and A=0.1 as a function of EXI'(-1) where 1 is the total vertical
optical depth. As may be scen, the behavior s very rearly
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Yinear. The excursions from linearity are duc mainly to the

differences between the scattering propertics of Rayleigh and
Aerosol atmospheres of cqual optical depth. The sccond curve
of figure 2.0 is a crule approximation to the effect. ng is

the extraterrestrial incident intensity (IS ‘

1, here).
I, is the path radiance, and b  is the cosinc of the solar
zenith angle. Also included in the figure is a straight linc

fit to the Achurvc: Al. -.0021 + ,0495 EXP(-1) (with correlation
.coefficient r“=.9853). The fit paramecters cannot be regarded

as exact since we know wnat I must approach zero as T,

Apart from the rapid change of intensity as an albedo
boundry is crossed, the chief striking featurc of the boundard
cffect is the difference between the intensity very near to the
boundary. and its asymptotic value very f{ar away from the boundary.
Both effects have a theorctical connection which we will discuss
later. We can cxamince the gross behavior of this residual
intensity in the same fashion as for the intensity change
across a boundary: we examine it as a function of the.
total vertical optical depth (or, more precisely, as a function
of EXP(-1)). Figurc 2.9 depicts the behavior of the residual
intensity both for the dark and bright sides of the boundary.
The lincarity of the general trend is accentuated by the
straight line fitted to the points by eye. Note that the
residual intensity must vanish at 1=0.

The simplicity of the gross behavior of the intensity
change at a boundary and the residual intensity suggests the
possibility that simple scemi-empirical methods might be found
for corrccting obsecrved intensitiecs for atmospherically induced
boundary effects. '
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2.2 STINGLE SQUARE TIELDS

An estimation of the cffects to be expected from two
dimensional ground reflectance pgtterns can bhe made from a
study of the simplest two dimensional pattern: a single
squarc fiecld surrounded by an infinite uniform region of con-
trasting albedo. This pattern is shown schematically in
fipure 2.10. Rather than scanning the planc, as was done
for the scmi-infinite planc pattern, the IFOV is fixed in
the center of the field and the size of the fiecld is varied,.

Figure 2.11 presents an example of simulation results

"obtained with a circular IFOV: wavelcength, T=0.,55um; solar

zenith angle, 00=22°; turbidity=1; IFOV=circular with 30 m
radius., The intensity values approached as the field size
becomes infinite are shown by the arrows. Here it is made
very cicar that the finite size of the field may have a large
impact on the scnsed intensity even when the ficlds are of
quitc considerable size (on the order of or greater than 8 km.).
The magnitude of the residual from the infinite ficld size
case is diminished when the contrast between the field and

its background is reduced. Also notable is the roughly linear
behavior of the intensity with field size for fields larger
than 2-3 km.

The changes in bechavior associated with variable tur-
bidity arec illustrated in figures 2.12 and 2.13. For these
calculations, the I¥OV was 30 m squarec; the solar zenith angle
was 40°; and, again, the wavelength was 0.55um. It is secn
that changes in turbidity can greatly modify the intensity
sensed from the centers of small fields. It is to be noted
that the effect is moderated somewhat when the contrast is
reduced but is nevertheless still quite large for moderate
contrasts as shown in figurc 2.13.
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2.3 CHECKERBOARD FIELDS ..

The ground as viewed from a satellite more ncarly.
resembles a patchwork pattern than any of the albedo patterns
we have studied thus far. It 1s clear that this will modify
the behavior of the intensity along a scan across the ground.
This can bec expected primarily because that part of the sensed
radiance which originates from ground scattering outside the
field of vicw tends towards some average valuc as the "grain"
of the ground pattern becomes finer and finer. In order
to study this effect, we have modeled the ground pattern as a
checkerboard with alternating high and low albedo squares.

Our simulations modeled a scan across a typical boundary by
simultaneously modeling a number of such checkerboard patterns
with incremental displacements in position with respect to
the IFOV. This pattern is shown schematically in figure 2.14,

There is an additional, more technical reason for
studying a checkerboard pattern.  As shown in section 4, the
gradient of the intensity across an albedo boundary is a
measure of the atmospheric spread function and will be faithful
if the recgions on either side of the boundary are sufficiently {
large. We have examined checkerboard patterns to give an

indication as to how large_these_regions must be,

Figures 2.15 through 2.23 illustrate our results for
checkerbeoards with ''checks'" one kilometer square, Since the
effects which we wish to study here are maximal at shorter

wavelengths, we show the results for A=0.47um. This sct of
calculations includes turbidities 0, 1, and 3 and checker-
boards with the following sets of contrasting albedos:

(0.2, 0.15), (0.4, 0.2), (0.6, 0.0). In all cases shown here,
the IFOV was 30 m squarc and the solar zenith angle was 40°.

In order to cvaluate the relative impact of the checker-
board pattern on intensity gradient rotheds for measuring
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FIGURE 2.14. SCHEMATIC ILLUSTRATION OF CHECKERBOARD REFLECTANCE PATTERN
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the spread fungtion, we simultaneously modeled a scan across
the boundary of a semi-infinite plane. These curves (labeled
I) are also shown in the figures for comparison with the
checkerboard pattern results (labeled C in the figures),

The results shown are not smoothed since they have
been automatically plotted. The roughness in .the curves
reflects the statistical jitter inherent in Monte Carlo compu-
tation. The fact that the jitter in the results are correlated
is a conscquence of their having been computed simultanecously
(i.e., with the same set of '"photons") so that statistical

.variations are shared.

The intensity variation across the boundary may be
seen to be appreciably flatter for the checkerboard pattern
than for the semi-infinite plane. This is tu be expected,
for on symmetry arguments alone it must be true that

dI-

dx

where x denotes the distance along a scan perpendicular to a
boundary and xg denotes the center or center-line position on

a square.

The intensity gradient very near to the boundary is
seen, Lowever, to be very nearly the same for the two patterns.
This means that the inner part of the spread function might
indeed be measured by intensity gradient methods when the
field sizes are this large. Of course, smoothing would be
very necessary for gradient methods since differentiation
is an inhercently noisy process.

It is of intcrest to investigate the effect of shrink-

ing the scale of the checkerboard pattern. In our initial
attempts to do so, we noticed increasing level of statistical
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~over an infinite uniform plane. The curves in the figure

jitter as the pattern became finer and finer, This can bhe
traced, in part, to the statistical variation in the distribu-
tion of photons over the ficld of view (even though the field
of view is already quite small), in order to suppress these
effects, we adopted an infinitessimal field of view and computed
results for pixel centers separated by 30 wm,  Figure 2.23 com-
pares results for checkerboards with odge lenpths of 0.4 km
and 0.8 km with the results for a semi-infinite plane boundary.
Here, the turbidity=3, the wavelength was 0.47um and the
contrasting albedoes were (0.3, 0,1). Also shown arce the
asymptotic values of the intensity which would be achieved

appear in two branches corresponding to ecach side of the
boundary.

As may be scen, for ficld sizes as small as 0,4 km the
gradient method may only be used quite closce to the boundary
(3 to 4 pixels away) and becomes unreliable at greater distances
asa guide to the behavior cof the spread function, This
critical distance increases when the ficld size increasces. It
is interesting to note that gradient methods scem likely to be

more usable on the dark side of the boundary, This is a con-

sequence, we believe of the effects of the variation in the

illumination of the ground. 1
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SECTION 3.0
CALIBRATTION EFFECTS

} Onc of the main problems cncountered in an cffort to
apply satellitc observations to the classification of rcgions

' on the ground is that of calibration., The calibration of
- . sensed radiances to ground albedos is made more difficult
by effects attributable to atmospheric scattering.

Even for the simplest conceivable ground reflectance
pattern, a uniform plane, the calibration curve relating
radiance to ground albedo is non-linear. The non-linearity
results from photons which scatter multiply from the ground,

thus illuminating regions of high albedo more strongly than
regions of low albedo. There is also a residual radiance
due to light scattered into the receiver without having
interacted with the ground. This we call "“path radiance"

or I .
o

. The calibration equation for uniform ground plancs

may be easily derived. Let S be the overall probability

that a photon which has been scattered from the ground
returns to the ground. Let T be the probability that a
photon rcflected at the ground is scattered into the receiver
multiplied by the flux incident upon the ground. The albedo
A is the probability that a photon incident upon the ground
will be reflected (rather than absorbed). Then




R et

i
I = T+ TA[T+8A«(SA) 2+ (SA) P, 0] (3.1)
oY
TA
I =1 + — (3.2)
-9 1-8A

Calibration curves, computed by CTRANS, for uniformly Lam-
bertian ground planes are given in Figures 3.1 through 3.3,
10, T, and S are all dependent upon atmospheric com-
position and structurc and are in themsclves difficult to
compute analytically. They arc all very closely correlated,
however, as shown in Figures 3.4 through 3.6. The figures are
based upon values derived from uniform plane cases (with solar
zenith angle=40° and receiver nadir angle=0°) for wavelcngths
0.47, 0.55, and 1.65 um and turbiditics T=0,1, and 3. Table
3.1 1lists the numerical values obtained for IO, T, and S for
these cases. Also shown in the figures are least squares
fits to the points using both linear and power law forms.
The goodness of fit is measured by the corrclation coeffici-
ent

» i
ZX‘Y',-
pxd o (2N ny.h i __._<>:>.z.>.J
n 1 n

for a lincar {it; for a power law fit, X4 and y; are replaced

by &n X and n vie R is the number of fitted points,
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Table 3.1. Uniform Planc Intensity Calibration Constants
Solar Zenith Angle = 40°
Receiver Nadir Angle = 0°
A (um) t e ! T I, T S
.47 0 .828 .1893 .01730 1967 .1416
.47 1 .649 .4329 .02130 .1894 .2084
.47 3 .398 9201 .03278 .1638 L2671
.55 0 .905 .1004 .01036 .2161 .0825
.55 1 ~ .731 .3127 .01422 .2031 .1414
.55 3 .478 7375 .02351 .1828 .2280
1.65 0 .999 .0012 .00005 .2435 .0013
1.65 1 .928 .0745 .00163 .2339 .0307
1.65 3 .802 2212 .00468 .2296 .0735
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The repression parameters are generally functions of
.

{ the solar zenith anple and receiver nadir angle. 10 and T
" themselves depend upon the relative geometry of the solar
| l and receiver dirvections, while § depends only upon the
l: atmosphere and ground reflectance character. Using an

appropriately computed regression relat ionship, thon, one

-

might deduce approximate values for any pair of the parameters

L given a knowledge of one of them.

Having established a set of values for IO, S, and T

) ! by some means, an effective albedo may be associated with a
{
) sensed radiance through the inverse of Hquation 3.2:
! -1
! ’ Acff T e (3.4)

T+S(l-lo)

e —— t—— e+

The etffective albedos so derived would be exact if the ground

| plance were uniform; i.c¢., the transformation 3.4 climinates

\ the offects of the non-lincavrities in the calibration curves. ‘
|

| The transformation of Lquation 3.4 does not, however,

climinate the coffects induced by an albedo boundary. Appli-
; cation of the transformation to intensities sensed in the

neighborhood of a boundary nevertheless has merit:  the
shifting and scaling thus provided tend to symmetrice the
boundary cffects with respect to the bright and dark sides

| of a boundary. DIxamples of the effective albedo computed
i
‘ in this fashion using the intensity ncar the boundary of two

. uniform half{-planes are shown in Figures 3.7 and 3.8. Com-

parison of Vigure 3.8 with the corresponding sensed intensity
. as shown in TFigure 2.7 provides a c¢loar example of the

utility of the transformation. The asyvmptotic values are

aligned and the bunching of the intensity curves on the

bripght side of the boundary- (caused by the convergence of

the catibration curves tor Jditierent turbiditices) is roemoved,
the curves corrvesponding to dittoerent turhiditics arve sym-

metrized,
08




The effective albhedo obtained for the expanding squares
albedo patterns arce illustrated in Figures 3.9 and 3.10.
Figure 3.9 may be compared with its intensity counterpart
shown in Vigure 2.11. Note that these are from our ecarlier
calculation, the parameters being: Turbidity=1, wavelength
=0,.55 um, solar zenith angle 00=22°- Figure 3.10 illustrates
the behavior of the ceffective albedo in a very low contrast
situation. The asymptotir valucs achicved for infinitely
large squares is also shown in the figures, dramatically
illustrating the very long range effects which occur even

for very large ficlds (edges > 8 km).
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COMPUTED
ALBEDO
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! FIGURE 3.9,
COMPUTED ALREDO AT CENTER OF SQUARE PATCH

A = 055 um

~ 990
0, = 22
TURBIDITY = 1
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i
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COMPUTED
ALBEDO

FIGURE 3.10.
COMPUTED ALBEDO AT CENTER OF SQUARE PATCH

A = 0.55um
0, = 22°
TURBIDITY = 1

ALBEDO SET = (INSIDE ALBEDO, OUTSIDE ALBEDO)
FOOTPRINT = CIPCULAR WITH 30 METER RADIUS

A = (0,150, 0.155)
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SECTION 4.0
THEORETICAL CONSIDERATIONS

In order to cstablish a basic thcoretical {ramework
suitable for discussion of the impact of varigated patterns

of ground reflectance on senscd intensitics, we shall adopt

an abstract intcgral operator formalism. Within this formaliswm,
the multiplication of an intensity by a scattering or transport
operator implies integrations over all intermecdiate physical

We retain explicitly only thosc parameters which

.ar¢ of immediate interest to the discussion.

GENERAL FORMALISM

We may formulate our treatment most simply in terms
following:

ig

gs

the intensity (or Stokes vector of the light)
sensed by the receiver

the solar intensity incident upon the top of -
the atmosphere

The radiation transport operator whose action 1is

to transport radiation from the top of the atmosphere

to the ground including all orders of atmospheric

scattering (but no ground scattering) = c’z#”“ et ()
to

The radiation transport operator whose action is

to transport radiation fvom a point on the ground

to the receiver including all orders of atmospheric

scattcring (but nc ground scattering)

The radiation transport operator transporting
radiation f{rom the sun to the receiver (including

all atwmospheric, but no ground scattering).
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agg- The radiation transport operator whose action is
to transport radiation from one point on the

ground back to the ground including all orders

of intermediate atmospheric scattering but no
intermediate interactions with the ground.

g The ground reflectance operator which reflects
| radiance from the ground and includes absorption
\ | at the ground (proportional to the albedo for
| Lambertian surfaces)

.Thus, we may write the dintensity at the receiver in t ~1ns of
contributions from light which has suffered zero, onc, two,
threce,... interactions with the ground:

+ 7 o i+ ... 4.1
| Rg & “gg ¥ “gg § (4.1)

| formally a geometric series in terms of the basic ground inter-
action. The first term, AR is may be identified with the

o path radiance (denoted by I in the treatment of Section 3).
Assuming that the atmosphere is horizontally homogenecous (or
relatively so) and that the ground is a Lambertian reflector.
varying from point to point by its scalar albedo, we may
collect together all terms contributing to the illumination
incident on the ground at a point rl and write them as 1 (ré):

e

iR = Qpg is +.}rGRg (IO - zé) g(zé) I(ﬁé) d{6 (4.2) ;

The seperable angular dependence of Lambertian 1eflectance
has permitted implicit integration over angles; thus, 1(

. . . . L)
is, in fact, the flux incident on the ground at 1, .,
X

)

r!
~0
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The argument of aRg indicates that its action is to
transport light which has been reflected from the ground at
the point rS into the receiver which is aimed at a point X,
on the ground (assuming, for the moment, that the field of
view of the receiver is infinitessimal). Equation 4.2 has

the form of a convolution and “Rg acts.as a sprecad function.

Under the Lambertian ground reflectance assumption,
I(ro) may bec obtained from the solution of a linear integral
equation with a kernal of the polar form:

I(ry) = o i +fd_r_:, ago (e = 13 g(xy) I(zy)  (4.3)

For illustration, it is useful to examine the special

case of a ground planec whose Lambertian albedo is uniform ]
over the whole planc. In this case, g(ro) = g is constant
as is I(rb)vso that

I (4.4)

where S = deré agg(|2o-zél) is the probability that a photon
eminating from the ground will return to the ground. Inserting
equation 4.4 into 4.2 yields

ay (r —r'j g a i dr!
o i +_/.Rg —0 -0 gs s —0 (4.5)
Rs “s

-1-g§ }

which has the form of equation 3.2:

TA

(4.6)
°©  1-sA
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Returning to equation 4.3, if the spatial variations in
the ground reflectance, g(ro) are rapid with respect to the
range of the ground-to-ground spread function o g( ro-ré )
or if the variations in ground albedo are small (low constrast

ground patterns), we may obtain I approximately from

o i '
1-§ A(zo)
where 2((1_0) = fdza Ol (,II' -r'l) g(r ) (4.8)
jﬁr' o i)
is the local ground albedo averaged over the range of the
S d fu i
pread function Gog apd
s <[ ar) o .
Iy age(1xg-ryD (4.9)

is the probability that a photon emitted from the ground will
return to the ground.

The fundamental importance of equaticn 4.2 rests upon the
fact that it has the form of a convolution. This permits us to
find a solution for the product g(ro)I(ro) by taking advantage

URIGINAL PACE I3
O PR OJALITY
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F(u) = U(v) =] u(x) eZnivx dx
and its inverse is -
u(x) = p-l ) =J/~ e 2mivx u(v) dv
If -
s (x) ijptlbd v(x-y) dy
then 7
F(s) = F(u) F(v)
i
so that
F(s) i
Flu) = —= -
F(v)
or i
, ?
F i
u(x) = gl [ (S)] ,
F(v) : : i

of the Faltung thecorem from Fourier analysis. Let F repre-
sent the Fourier transform operator and F"l its inverse.
For a suitable function u(x) the Fourier transform is (in
onc dimension)

Applying the Faltung theorem to equation 4.2, we obtain

I(r) g(r) = F' 1 FOpops *s) (4.10)
- - F(O:Rg)

where now F represents a two-dimensional Fourier transform.
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, Thus. knowledge of the point spread function Apas the path
radiance Cps iS and the illumination of the ground, I permits
the ground albedo pattern to be obtained through Fourier

deconvolution.

4.2 SPREAD TFUNCTTONS AND MODULATION TRANSFER FUNCTIONS

2 ) Agf-\ . Ecey e ot
- If the albedo is low or if the atmosphere is not e
optically thick, the major function affecting satellite (-AF e
wL.._._..-. - ] . . . dc
obscrvations of the earth is the atmospheric sprecad function. vit.edesw
. . - 3 (3 L] > WV-
( From a modeling viewpoint the peint spread function Gpg 13 ALt
| difficult to assess, but a function closely related to it, Ate .

, the line sprecad function is relatively amenable to computation.
The point spread function is essentially the response at the
receiver to a single point at the ground (after subtracting

| the purc atmospheric scattering). The line spread function,

| . : : .

\ similarly, is the response to a line on the ground. Denoting

g o the point spread function by Y the line spread function, 1
F ' o;, is obtain:d as an integral:

°°2 d ( ] 2 00 .
aL(x) = P e ip ° ij( ap (”Vx2+yﬁ) dy (4.11)
' Lo o -\/p -X .

-0

We ‘have assumed, then, that the point spread function is
azimuthally symmetric. This will be the case when the re-
ceiver is pointed towards the nadir and the atmosphere is j
horizentally homogeneous. Away from nadir, azimuthal symmetry
will obtain approximately if the receiver field of view is
sufficiently small. Assuming azimuthal symmetry, the point 5
spread function may be cbtained from the line spread function

by solving equation 4.11 as an integral equation. The result
is

a,.(r) = -—— —— ——— 2Xx dx (4.12)
291 dr V;Z_rZ




This is usecful because the line spread function may be ob-
tained in a s+traightforward way through modeling.

If the ground-to-ground spread function « is small
(optically thin =cmospheres) or if the ground albedo pattern
changes rapidly with respect to agg’ then the illumination
of the ground will tea approximately constant. Uader this
[ assumption, aL,thc line s&prcad function, may be computed from
: the response to a set of sinusoidal albedo patterns. Let
the albedo patterns be of the form (ref. 4)

l g(x) = bo + b1 COsS2mVx

i ' which is illustrated schematically in Figure 4.1. If the
illumination of the ground is approximately uniform and

equal to I then the portion of radiation seen by the receiver
which comes from the ground is given by

\ ]

b > " - N t

| i, < i =fa(x-x'){b° 4 L (eETIVRLTIMIVKY Y3y gy
i T ~a 2 o .

where i  is the path radiance. ' - ‘ o Co

it : o i

The difference of these responses at each frequency is there-

fore proportional to the symmetric part of the Fourier trans-

form of a. If the receiver points towards the origin, we have

® i
13 ) - .

—eo 1

. = by [a(v) + a(-v)] 1

with

a(v) ¢~ 12MVX a(x) dx

—r
8
8

URIGINAL PAGR 1.
OF POOR QuALrry
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The normalization is obtained from the sum

(<]
i,(0) + 1 (o) - 24 = 2b  [a(x') I dx'

-0

= 2bo a(o) 1

Thus, the ratio becomes an estimate of the modulation transfer
function (MTF): S

b i, (0)-i_(o0) a(v)+a(-v)
-2 - : — = MTF (4.13)
b1 1+(°)+1~(°)'210 2a(o)

a(v)

= —— if a(x)=a(-x)

a(o)

Figures 4.2 through 4.4 show normalized modulation trans-
fer functions computed for wavoiengths =.47um, .55um and
1.65um and compare results for turbidities 0, 1, and 3. As
may be noted, the MTF is approximately independent of solar
zenith angle. The figurcs also show the component of the
MTF contributed by the finite field of view of the receiver
which is the MTF for no atmosphere. The system MTI is merely
the product of the MTF's of each component in the system; i.e.,
the total MTF is the product of the MTF for an infinitessimal
field of view and the MTF of the field of view. This is
illustrated in figure 4.5 which compares the MTF's (computed
for the effective albedos) for the field of view, an infinitessimal
field of view, and a finite ficld of vicew (taken in this case to
be circular).

The MTF displays some characteristic featurcs which
are worth noting. First, since it is normaliszed, the MTF
approaches 1.0 (or 100%) in the .low frequency limit. Secondly,
when the field of view is infinitessimal, the MTI® approaches
a non-zero valuc or plateau in the high {requency limit. This
82
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is due to photons from the ground which rcach the receiver
without scattqfing and is reflected in the spread function
as a Dirac delta function component. Thirdly, as alrcady
pointed out, the effect of the finiteness of the field of
view is to fold in a cut-off which becomes dominant at high
frequencies (on the order of 10 km'1 for a 30 m square field
of view).

For the purpose of constructing spread functions and
modulation transfer functi..a: which correctly incorporate the
actual instrumental field of view and sensitivity effects

. (as measured in bench tests), it is necessary to have the

atmospheric MTF computed for an infinitessimal field of view.
Figures 4.6 through 4.14 present results for 4000 photon
simulations. The roughness of the curves is the result of
statistical noise in the computation. Since these curves were
plotted automatically, no smoothing has been done. For the
purpose of computing reliable spread functions, these curves
must be smoothed. This can reliably be accomplished by using
a 5 to 7 point running average.

‘We must emphasize that these computations for infinitessimal
fields of view are the most important and most directly useful
numerical results of this study. Computed MTF's incorporating
finite fields of view depend on the assunptions adopted to model
the instrumental sensitivity across the field of view. For
example, in our computations utilizing a square field of view,
we assumed a sharp sensitivity cut-off at the =dge of the FOV.
The Thematic Mapper, or any real sensor, however, has a sensi-
tivity which falls off smoothly. For the thematic mapper, the
sensitivity decreases to 50% at the pixel edge and in fact
extends beyond one pixel. Using the measured instrumental FOV,
the full MTF may be constructed (it is simply the product of
the two MTFs).
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When thee sensed intensity is calibrated in terms of a
{ uniform p*ane ‘cquivalent albedo, the impact of the MI'E becomes
especially clear. According to the correspondences following
L. l cquation 4.0, the transmission function T, is (assuming that
the {lux illuminating the ground planc is approximately uniform)

‘\ ' 'I‘

R

a(ro-ré) a i dr(') = :_I(O)tx i (4.14)

s S 187 S
8¢ 4

where a(o) is the zero frequency limit of the Fourier trans-
E . form of the spread function, a, and agsis isthe flux incident
) . . . .

upon the ground which has not previously interacted with the

ground. The cffective albedo is given by

A¥ = — O (4.15) i

and i i + al(r-r") -
[ 1“Sg

' a(l.-r')m'g(l") 1
i = io + T . dr! (4.16)
1 : a(o) 1-Sg !

. where g is the average albedo over the range of the ground-to- !
ground spread function. Substituting for i in cquation 4.15
yiclds

T a(r-r")

— g(rl) dT'
1-8p a(o)
A% o~ -

) T PO |
T-rs[.l___:%i_. f 9.(%7(.0%.)* g(r') dr')
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Multiplication of mwmerator and denominator by -~ yiclds
'll

\J l-,-l-'
'('(‘,i('lﬂ)’ plrty def

A*(]-) ~

v p ! -
1+8S ﬁ&zd;"l (e(r')-p) dr!

v o

where we have usodjra(r~r') drt o= a(o). 1€ 8§ is small or if
the ground albedo does not vary very much from its average value,

g2, then the scecond term in the denominator may be neglected:

(Y,(]"’l“)
A V() = g (') A (4.17)

a(o)

Thus the senseod ecquivalent albedo is the convolution of the true

ground albedo pattern g(r') with the Fourier inversce of the
MTF, i.c., with the normalized spread function,  This may then
be used to obtain an improved estimate of the true ground .albedo

pattern by deconvolution.

Equation 4,17 demonstrates the chief advantage and main
justification for dealing with the cquivalent alboedo rathes

than the sensced intensity:  effective albedos are very directly

related to the true ground albedo through the spread function. J
4.3 IMAGE ENHANCEMENT o
i

As we have indicated, accurate knowledge of the spread
function can he 4 most important toel in image enhancement. i
PTothe MTF s known, the normalized line spread function may 1
be obtained through Pourier transformation; the point spread ‘
function mayv then be obtatned. 10 the MY is not known as would
be the case for actual data obtained without auxiliary ground

truth information, thea the spread function may be obtained

ue




approximately by studying the behavior of intensities in

!l the vicinity of sharp albedo boundaries botween very large
regions,  Consider, for example, the simple case of a hipgh
s\ contrast houndary between two semi-infinite planes,  Let the

albedo pattern be the step function

g(x) = 0 xx0
S =1 x>0
' The intensity is then approximately
| o
I(x) = I;+ [ ACey) g0 T dy
| I
o a8

N ~
where the ground illumination, 1, is taken to be approxi-

mately constant (this is not quite true, of course).

|
-

! dl d -
i —_ A(z) 1 dz
dx dx
i [ -
! where we have explicitly used the—fact that g(x)=1 for x>0
and transformed” variables using x-yv=2. We obtain a-mecasuve
) ?, of the spread function, then, {rom the gradient of I near-—-
the boundary. - ' |

dl -
\ — = A(Xx) 1
dx

If the variability of 1 is considered, it adds a small term:
s ’ b

we got

: dl . ~ d -~
: — = A(X) T(0) +] A(2) —— T (x-2) dz g
dx : dx "
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If the albedo variation is between £0 and £ rather than
0 and 1, we get (again neplecting variations in the illumina-
tion, 1)

Figure 4.15 depicts the line sprcad functions obtainced
from the gradient of the intensity versus the boundary of an
albedo step function (0., .6) for a wavcelength of 0.55um and
the 30 m squarc IFOV of the thematic mapper. The spread
functions for turbidities 0, 1, and 3 arc compared. The
jitter in the curves is a result of statistical noise. The
slight asymmetry, however, is probably rcal and an expression
of the variation in ground illumination-across the boundary.

In figurce 4.16 we compare linec sprecad functions computed
from the gradient across a boundary and from the Fourier trans-.
form of the MTF. Here, the ficld of view is circular, 60 m
in diameter since the input to the calculation was taken from
some of our earliér work. The asymmetry due.to the illumination
term_is even more evident here.

We have used the spread function (of figure 4.16) com-
puted from the MTF to deconvolve the effective albedo-for a
step fungtion albedo pattern (0.5, 0.1). .The initial effective
albedo is compared with both the actual-albedo and the result:
obtained by deconvolution in figure 4.17. Present in the
enhanced image is the expected overshoot and undershoot cxpected
from the Gibbs phenomenon associated with the finite spatial
bandwidth of the sample and the finite number of Fourier
coc{ficicents used in the deconvolution.

In figurc 4.18 we compare the error in the unenhanced

image with that remaining in the enhanced Limage.  As may be
scen, the cnhanced image is quite goold cut to approximately
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FIGURE 4.5,

~-0~-- FROM GRADIENT OF STEP
ALBEDO PATTERN

e LINE SPRzAD FUNCTION FROM
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ALBEDO MTF
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2.5 km from the boundary. We might have extended this rangc
[}
had the sprecad function been computed over a wider region.

We must add somec cautionary notes at this stage. TFirst,
in order to usc a sharp albedo boundary in a Landsat frame
to obtain the spread function, the regions on cither side of
the boundary must be large. As the size of the regions shrinks,
the intensity pattern obtained by scanning across the boundary
becomes flat necarer the boundary and sprecad function which would
be comptted from the gradient becomes narrower with a more
pronounced peak, i.e., it deviates from the true spread function.

.0ur calculations for a checkerboard pattern (figures 2.15-2.33)

illustrate this effect. If these distorted spread functions
are used for deconvolution, more errors will remain in the
enhanced image than would be the case had the actual spread
function been available. We have not yet -evaluated this
quantitatively, however.

The second cautionary remark which we must_make concerns
the possible impact of instrumental noise. If electronic noise
is present, the jitter associated with it must be removed before
the spread function .can be used. . One possible séheme for.
achieving a proper .smoothing is to use the noisy spread function
to compute the MIF. Then the MTF can be smoothed and used for
deconvolution. The smoothing should always be done in the
frequency domain since electronic noise will be essentially
high frequency noise.

To proceed beyond Fourier deconvolution would require
estimates of the spectrum of the noise. In our simulation,
noise arises from the statistical jitter inherent in the
Monte Carlo simulator. Elcctronic noise or noise induced by,
quantization has a different character and is, clearly, instru-
ment dependent. We should point out that a wide variety of
alternate image cnhancement techniques cxist, many of which
arc discussed in refercnce 5.
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SECTION L0
THE IMPACT OF ATMOSPHERTC SCATTERING ON CLASSTETICATION

With the copability to evaluate the atwospheric sproad
function we have acquired the essential tool necessary to
estimate quantitatively the impact of atmosphorvic scatteving
and ground plance inhomopencity on the accuracy and adequacy
of classification schemes.  Our discussion at this point will

be heuristic in the sease that the details of a general

Streatment of classification remain to be worked out, Noever-

theless, as we hope to demonstrate, such a theory is withian -
reach and may provide great benefits to the vemote sensing
ficld.

At the outset, we recognize the remote sensing ¢las-
sification problem to be best nddrossod within the general
framework o information thoory(b). Figure 5.1 1llustrates
the information (low in remote classification and briefly.

notes the noise terms attendant at cach stape in the process,

Firstly, thc¢ ground character belonging to a specified
class is itscol vaviable., Por coxample, corn may be green or
green and brown or may be wet or dry or be planted densdély

or sparscly, cte., and yet belong to o class, "corn."

The ground character is then coded by-reflection of the
incident light. licre we identity the"code' with the spectral
refloctance of the ground region.  The encoding is disturbed ..
or intltucnced by the precise charactor of the pround itlumi-
nation and the bidirectional reflectance charactervistics

of the ground region.,
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The information is then transmitted. Transmission is
identificd with the radiative trans{er process by which the
Tight reflected from the ground finds its way into the remote
detector. Again, noise is introduced which is related to the
characteristics of the local atmosphere: radiance correspond-
ing to pure atmwospheric path radiance is introduced; variations
in atmospheric attenuation constitute noise; noise is intro-
duced by atmospheric scattering of light reflected from the

ground outside the TFOV into ‘the ficld of view.

The radiance is then detedted by (non-ideal) hardware
which introduces additional components of noise. The dis-
cretization or quantization of the detected vadiances also

can be viewed as a source of noise.

The received signal is then decoded.  That is, the
probable character of the ground within the IFOV is inferred
by classification. This is essentially accomplished by com-
paring the senscd radiance with o truth data set (or training
field data)-constructed {rom radiances accumulated over
regions of known character.,  1f the training data set has
not been accunulated under conditions which precisely match
those under which the current sampling is carried out, the
mismatceh can be considerved as contributing noise. Variations
bothh in the atmosphere and in ground pattern geometry can
contribute to this noise term. Lffects which are equivalent
to noisce can occur if an inappropriate cr ineflficient c¢las-

sification algorithm is cemploved (for example, using inappro-

priately chosen discriminants or cost functions). e

The poals of a general theory of classification are
essentially two-fold: 1) to evaluate quantitatively the
jmpact of cach of the sources of classification noise upon
the achicvable classification accuracy; 2) to devise new

highly optimired classification schemes which are robust.
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l with respect to the expected sources of noisce and conscquent
error. A third goal is also identifiable, piven a sufficiently
! l detailed and validated theory. This is the possibility that
| ‘ through the analysis of variances and hias of abscrvational
3 i data scts, information relating to the state of the atmosphere

can be extracted (as a byproduct of a classification effort),

We might thus anticipate, for example, that we might be able

to evaluate distribution weighted total acrosol burdens.
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S CLASSTETCATION

The key to the analysis of the impact of the atmospheric
and ground plane vaviabilitics upon classifications is the
ability to construct the probability distribution Jensity
functions for radiances sensed above an arbitrary pround
pattern,  In this section, we will outline how this wmay he
accomplished in the simplest cases.  We will not, for the
present, explorve the various means for enhancing classitica-

tion accuricy which involve (Linecar or non-lincar) trans-

formations of the radiances, but will assume that the radi-

ances arce usced dirvectly.

Consider, for the moment, the data collection process.
which results in a radiance distribution to be associated -
with a specificd class of ground regions. A statistically
significant sample of radiances is accumulated, for example,
by recording the radiances near the centers of many larvge
ficlds or by sampling many vepresentative ficlds uniformly.
Our prescnt taskh is o provide a description of this kind
of distribution taking into-account the atmosphere and .the

pround plane geometry.

Let us=digress,. for a wmoment, in order to present
the underiving mathematical formulac.  Supposce that we wish
ta find the prebability distribution density function
associated with some function p{x) wheve x is a random  —
variable and g(a) is determined once x is speciticd. -Sup-
pose that the probability density tunction for x is given
by w(x). We can define the charactevistic function for
£(X) by

’ 2win g (N \ 2uiia(x)
(&) = B ]\‘ f "[ ¢ w(x) dx (5.1.1)

\]
y L5

where B 1 denotes the eapectation
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The probability density distribution function tor p is then

. given by the Fourier transtorm of the characteristic function:

- . ~2wito
ICAREL TN ”,f.“q(a) oTTTHNE g

N
l
.“ o a
3T - Ty LY
= [ af weo etiRRme O g (5.1.2)
J R -0 -0
i
QO
= [ WG slar00] i
-
b
where §(x) is a Dirac delta function: f S(x)dx=1 a<x<b i
; a =0 otherwise ‘
b b i
[, and f 8(x~,\0) f{x) dx = t(xu\ n<x0<b
. ' = 0 otherwise i
: We can apply this - immediately to the problem of con- |
structing a probability distribution-density tfor sampled ———

radiances,  Recall that the radiance above some point x on

the ground is given by

1(x) = 10 + f A(x-yv) gz();),lu()_'_) ‘l,‘L

While sampling, x is a random varviable so that 1 is
also. 186 the sampling strategy is specificd through a

probabitity distribution density, w(x), tfor the sampling

point a, then we may construct a characteristic function




¢

for I using FEquation 5.1.1 and thence, a probability distri-
bution density function W(I) by Equation 5.1.2,

Thus we obtain the probability distribution density

for scnsing a radiance I:

[}

W(I) = f dgf dx w(x) cxp{-21ri.€,[I-Io—f A(g_-z_)g(y_)lq(y_)dx]}

- plane plane

(5.1.3)

where w(x) dx és the plobqgillty of sampling within the region
bounded by Xi+ —7— and Xyt Equation 5.1.3 is then the single
band signaturc of the rcq1on specified by the sampling function
w(x). It is straightforward to extend this formalism to any
number of bands to obtain a multivariate-probability density
function expressing the signature obtained with a multispectral.

scanncer.

In general, there remains.onc essential fcature to be
incorporated in the expression for W(I). Even if each ficld
to be sampled is in fact uniform, the reflectance of individual
fields will have a statistical variation about somec mean. In
order to cxpress this fact, we can write the reflectance as
determined by the value of one or more random variables so
that g(y) becomes g(yl,yz,...;y) and its statistical behavior ——
is described through the probability density distribution

assigned to the random variables YysYoseer o We will illus-
trate this with an example a little later in the-discussion.
We should point out that the reflectance can vary randomly

within a field. This effect, too, can be incorperated into

the formalism.
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< . . .
We now have the basic tools to describe remote classi-

fication. Tn what follows, we will describe the process in
its simplest form, leaving aside consideration of various
embellishments (such as transformations of the radiances or

including cost functions) which would becloud the basic

iszues., TInitially, a training data sct is sampled; that is,
a statistically significant sawple of radiances is accumulated

for cach class, Tor example, the signaturc of the class
“"corn'" may be taken to be the distribution of intensities
corrcsponding to pixels near the centers of large ficlds

.known (a priori) to be corn., These intensity distributions -

one for cach class - are then used to identify or classify
radiances sensed over a-'new, a priori unknown region. Onc
identifics an unknown pixel with that class whosc training
sct distribution is closest in some scnse to the radiance
of the -unknown pixel. For a multispectral system, the
intensity distributions are multidimensional and the dis-
tances between the unknown point (with coordinates given
by the intensities in cach channel) and the training set
distributions (usually using the means or centroids, or
the peaks of the distributions as reference points) are

measured in the multidimensional- space.
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5.2 - CLASSIFICATION ERRORS

Frrors in classification can be traced to a number of
sources., First, there is the fact that the signatures of
the various classes of the training set overlap to some
extent. This is essentially irreducible and can be traced
to a) micro-physical similarity between the overlapping
classes (e.g., spectral signatures of leaves of plants in
different classes arc similar); b) hetcrogencity within a
class (signaturcs of say young corn and young cotton hoth

.ccontain the signaturc of the carth in which they arc planted).

When signaturcs overlap, the extent of overlap is a measure -
of the likelihood of ecrror.

The sccond chief source of -error is associated with
dissimilarity between the conditions for which the training
data sct was accumulated and the conditions existing during
the acquisition of data at an unknown site. The formalism
we have developed. provides a guide as to what is meant by —-
"differvent c¢onditions." We can trace signaturc variations
to

a) changes in the atmosphere (changes in Io, the
purc atmospheric path radiance; changes in the
atmospheric spread function, A; and changes in
the ground illumination, Ig) —

b) changes in solar zenith angle (expressed through
changes in 10 and Ig)

c) changes in the environment surrounding the
region or point to be classified (differing
geometry or ficld size or changes in the char-
acter of ncarby rcgions and the extent of thesc

regions)
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d) changes induced by restricted sampling of the
training data set (¢.g., sampling unknown near
g ficld codge while sampling training {iclds only
‘ ‘ ncar their centers).

: These are the error sources which may be analyzed through
the application of Fquation 5.1.3 and its generalizations,

Precise analysis of the impact of atmospheric scatter-
ing on classification accuracy depends, naturally, upon the
details of the classification algorithm and would be specific
with respect to them. Without assuming a particular classi-
fication algorithm, we can illuminate, qualitatively, some

{ of the effects of atmospheric scattering and ground pattern

{ . . . .
| geometry. We can approach this most simply by studying some
. simple examples which can be treated analytically. More
{
‘ quantitative recsults can be obtained through numerical

studics using sprcad function obtained through modeling

or by other mcans.

Wé. will begin with an unrcalistically simplified
examplé and add rcalistic features progressively in order
to highlight the various cffects and develop some intuitive

insight. ¥

|
!
Example 1. ﬁ
|
We will suppose that the albedo pattern of the ground g
is of the semi-inf{inite planc. type; i.c., g(x) =1 x>0 !
? = 0 x<0.

Further, we will ncglect, for now, the pure atmospheric path
radiance (we assume IO=O). The form of the- spread function §

will be
' u 1
' A(X) = - Y N (5.:’.1)
Toou +X
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Note that the normulization of A is chosen so that SA(x)dx=1,
For reasons of simplicity, we will restrict oursclves to
onc spatial dimension and onc wavelength,

The' intensity sensed above a point x will, with thosc
restrictions be

X
I(x) = Jf AT dy = Eoprand Xe w2 (5.2.2)

where r is the illumination of the ground, assumed constant
herc. The characteristic function is

S

. X
Fl(g) = jf w(x)exp {Znigjf Aly) r dy} dx (5..2.3)

-0 - 00

With w(x) as the probability density -function for sampling
the intensity at x. We will assume.that we sample uniformly
over the ground (or rather, that we sample with uniform
probability over a limited region) so that we may take

= 0 x<-L
w(x) = 5p -L<x<L (5.2.4)
=0 x>L
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Inserting this into §,2,3 we obtain

- 2wied 2wink rant X
F.(£) = é.ﬁf dx o e (5.2.5)

"It

The probability density for obtaining a value of T for the
intensity while sampling is then given by

w

W(I1) =f I p o) ag . (5.2.6)

-0

Changing variables (y = 'I‘AI\"1 %) , this becomes

-1 L
‘AN
© U .- T I‘
ey mif &  2mi&~
w(I) =Jf Zmitl JE J[ S —2,— dy dE
- TA ~L COS" Y
¥ b
so that
W(I) = %L T 01 7T (5.2.7
1 cos“n( ; ")

for T (TANT! %‘»+n/2) <1< Bt Benyo)

-1

LT . Lo /n
0 T>L (TAN Z+n/2)

-1

]
o

< ; (TAN »——+n/ 2)
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i If samples arve ‘gathered only over Loixihl the cxpression for
W(T) becomes

u Ll 1

! wi1) = _ —
! (Ly-Lg) r C082ﬂ<l~1

{i!

(5.2.7a)
)

"

i . L ' 1 L
.‘ ‘ for ,zr'l.- (TAN 10, m/2) £ T < ’II'T" ('TAN 1 Tl m/2)

W(I) = 0 for I outside this rangec.

@

Note that./ W(T) dI = 1 as it must if W(I) is to bec a

: - 00

; : probability density distribution for I. The form of W(I)
| . is evident, being a 1/cOS2 % (I-vr/2) curve truncated at

L values of 1 corresponding to the extrema of the sampling -
l range and normalized so that its integral is unity. This
is illustrated in Figure 5.2 where we have set r=rv for

canvenicence. If the intensity is sampled uniformly from

{ Xx=u to x=2u, the resulting probability density distribution ‘
‘ for I has the form of thc shaded region- in the figure. For 1
referenca purposces, in TFigure 5.3, we have plotted the in- |
tensity as a function of distance from the albedo boundary. 1
The shaded rcgion corrcsponds to the shaded region in §

Figure 5.2° : 1

If I is sampled only over a limited region and if the

distance of this region from the boundary increascs, W(I)
approaches a delta function, which is its form for an infinite !
uniform planc. We scc now the cffect of the boundary: it

expands the signature associated with a uniform planc and

skews it towards valucs of the intensity associated with

the other side of the boundary.
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1E the pure atmospheric path radiance is now taken
into account, its addition merely shil'ts the l-axis of Figure
S.20 A plance at Table 3.1 shows that this shift can be
quite substantial,

TE the value of the albedos on cither side of the
boundary are changed, the result is a change in scale of
the 1-axis.  Since Figure 5,2 depicts results {for alboedos
0 amd 1,0, this scale change is always o scale comproession
{for other albedo values,
Since, for any atmosphére of finite-optical thickness,
some photons are transported divectly from the TEOV to the -
detector without scattering, realistic spread functions must
contain a component proportional to a delta function., Tt
is this delta function component which is vesponsible for
the flattening out of the M at high frequency when the

receiver field of view is infinitesimal,

Example 2.
The spread tunction {or our firvst oxample may be

moditicd to incorporvate dirvectly transmitted photons:

AGX) = (1-0) = =yomy + € 8(x). (5.2.8)

Note that in phvsical ¢iases the constant ¢ is proportional
to exp(-1), where v is the atmosphervic optical thickness,

Equation 5.2.2 for the intensity is modificd to

1.

i
i
1
i
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1(x) = (1-C) }l [TAN 1\1 /2] + Cr H(x) (5.2.9)

where H(x)-is the leaviside function (a unit step at the

origin):

H(x) = 1 x>0, H(x) = 0 x<0, H(0) = .5

The ¢ffeét of this change in the {orm of 1 is to split .
the probability density distribution for 1 into two parts,

sepavated by an amount proportional to €. W(l) is given by

W) -~f W (x)exp ‘l-znis,[l-(1-(*.)}1'('1'AN"1 S/ 2)-Cr 11(..\)]}\1“15

- Q0

(5.2.10)
or

, ( 1 ) um 1
W1y = [ ) e e e e
1 oY e g L0
L (L-C)r con [‘r(l"-k‘,)' ((, &)]

1 b0
| | r(1-C) 1 1.0 i
for MAX [0, ~—,.—*----('1‘:\N SR DA
i A
r(1-¢) (-0 I
MIN ey e LTAN R T A
2 n 2 1.
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\ “’ (I) I - e e s 2 e — SN
; 1 ] ]: (]"(‘)1' CON I “ 1\ .1’]l!y"() |
L l 0 K (l —L:) -
: r(1+C) r{1-C) . 1,0
' for MAX|l- ey o [ TAN 7 — 4 /2] + Cr | <1<
‘ 2 m u
i r(1-0) 0 -
MIN e [TAN = ¢ w/2] # Cr, v
: : m u
l = 0 for all other values for 1

\\'I(l)_ is shown in Figurc 5.4, - It is clcar that the
impact of the direct transmission term (the delta function
term) is to increase the scparation of the signatures and

hence to reduce ¢lassification crrors.,

We must point out that atthis stage we have not yet
included in our example the {act that the ficld of view of
the sensor is {inite. 1t is therefore of interest to make

a qualitative comparison of the MUE's {orf our example sprdad

functions with the MTE's computed for infinitesimal ficlds

of vicw and tealistic atmespheres.  The MIE's for our example

spread -function arce shown in Fisure 5.5, The qualitative-
similarity with actual MTE's is str¥iking (sce Figures 4.7 and

4.8). Naturally, quantitative agreement is not to be eoxpectod.

1 the sensor has uniform sensitivity across a finite
ficld of view, the offect on the signature (or W{1)) is to
£i11 the gap between 1=r(1-¢)/2 and 1 v (1+0)/2; W(1) becomes

cqual to a non-zero constant in this region.
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The examples treated heretofore have been artificial

\ to the extent that the physical varviability of the pround
~ albedo within a class or amonpst samples from o single arca
has been omitted.,  In order to provide for this variahility,
5 one must integrate over an censemble of albedos.  The ground
g albedo is taken to be a function of a random variable (or
a set of random variables) and has, for cach class, u
- probability distribution density function. Introducing this
concept, the probability density distribution for the in-

tensity becdmes

n
' W(I) = ~/Xv(x) Ialng(yj) oxp{—Bn&Eﬁ[I-l(x,Yl,Yz...Yn)]
| i=1
{ cdx dyp dy,..edy (502110
\
} 1 where
](leZ’YZ"‘Yn) SR P A(x—y)g(V:Yl,yz...Yn)r dy

The meanding of g(Y;Yl‘YZ"'Yn) can be made c¢lear by an ex-
ample.  Suppose we wisho to describe the distribution of
intensities obtained By sampling a family of semi-infinite

plancs. Lot the albedos of the bright and dark-sides have

statistical variation about some mean values. Then ;

l(x,yl,yz) = ]o + A(x-y\yir dy + A(x-)’)\?2 r dy
- 0

;

(5.2.12)
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(]
and the distributions ol vy and y, are specilicd hy probability

density distribution w? (Yl) and W, (vy,) which might, for
D R 2"

example be Gaussian:

_ 2 2
Woo(v) = ——— © |
81 /?nol
_ 2 2
1 “(Y5-Y,) /205
W (Y,)) = o ¢
&2 ¢ /I,
or uniform
1 1
Woo(y) = w5 W, (v)) T
¥ 1- 1 i ) 2 ¥ (]
£1 8- 52 g,785

1 Tt | 11
(where 8128 and. ¢.,,¢8, are upper and lower 1imits of the

allowed range of variation).

The impact of intvoducing variability in the albedos
is essentially to smeur cut TBO,V£ObQPijiﬂfuﬂiSIthﬂﬁlﬂﬂ

density for T. This is casy to scc for the case of uniform

planes: 1In this instance, the intensity is given by

I =1 +yr

Q.

I{f y has a Gaussian distribution, we obtain

2,

1 -(y-Y) /20"
w(y) = u[\%x) —— 0 exp{-2wif{l-1 ~yr] dxdrd{
Yimo © -
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w(x) — Q"(Y"Y) /20 6[I-IO~'Y1‘] dydx

21

n

or

L - trerd

Ver ro

2
W(1)

1

" We obtain, as might be expected, a Gaussian distribution for
I with mean IO+?r and variance rzoz where 02 is the variance
of the distribution of albedos and r is the illumination of
the ground (which here, for simplicity, has been assumed to
be independent of albedo). This is to be compared with the

result corresponding to_npon variable albédos- for the same
infinite planc casec:-

W(I) = 8(I-1 -yr)

Even the simple spread function used for examples 1 and
2 yields expressions which are analytically difficult when
variations in the albedo are considered. We yet may gain some
insight into the impact of an albedo boundary on the signatures,
however. The intensity probability density distribution for an
ensemble of uniform plancs turned out to be unskewed because
the intensity probability distribution for a single uniform
plane is symmetrical - it is a delta function. If, on the
other hand, we consider averaging the intensity probability
distributions for.examples 1 and 2 over cnscmbles of albedos,
the skew in, say, the bright side distribution will.be. re-

flected in a skew in the averaged distribution.
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This has important conscquences in the interpretation
of training data sets. The intensity probability distributions
obtained from obscervations of a patchwork carth will be smearcd
or spread by atmospheric scattering and will be skewed towards
the distribution pcaks corresponding to the surroundings of the
rcgion whose signature is being mcasured. The degree of skew-
ness in the distributions has a direct bearing upon the pre-
cisc choice of classifier (e.g., on_the choice of thresholds or

discriminants),
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5,3 RECOMMENDATTONS

We should, at this stape, make a few specific recom-
mendations in rogard both to classification procedures and

to analytical work which should be taken up.

The atmospheric effect which is most likely to have a
deletarious cffect upon classification accuracy is the varia-
bility of the pure atmospheric path radiance: it provides a
shift in single band intensitics which can be large with re-
spect to class scparation and can therefore significantly
impact classification accuracy. As yet, we have discovered
no clean, simple mecans for estimating this term absolsutely.
There is onc method, however, which might provide a way to —
minimize its impact. If the intensity probability-distribu-
tion for an entire unknown region is compiled using mecthods
(sampling strategics) which match those.used to compile the
training set, a correlation of one with the other should yield:
a value for the difference of"IO between the two cases. When
this difference -is subtracted uniformly from the unknown data,
classification accuracics should improve. . This procedure is,
however, sensitive to differences in field size distribution
between the data scts. I0 should be estimated .in this way
independently for cach sensor band. By cxamining the-behavior
of this correction.with wavelength, some information reélating
to aerosol burden may be obtained. To enhance the value of
this type of information and to provide the best estimates of
the corrections to be applied to unknown data scts, the training
data sct should be acquired when the turbidity is minimum.

If this is done, the correclations between IO and, for example,
the paramcters-T and 8 cuan be used to obtain values for T and

S and cnable onc to transform the unknown-data to obtain equiv-
alent albedos. The-probability density distribution of-the
data thus transformed is likely to be considerably cleaner

and result in higher classification accuracics.
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The shifts and skew in the intensity probability distri-
4
butions introduced through atmospheric scattering and finite
field size coffects should be taken into account in the specifica-

tion of cost functions and thresholds uscd to c¢lassify the data.

Realistic estimates for the full spread function should be
used to study the precisc impact upon accuracy of any given
classification algorithm (including transformations of the data).
Quantitative results can most cconomically-and precisely be
obtained through judicious modeling.

A quantitative trecatment of remote classification should:
be pursued along the lines we have indicated. Elements which
remain to be included are: 1) the joint impact of the forms
of spectral dependence of the reflectances for the various
classcs; 2) the impact of the quantization of intensities; !
3) the impact of instrumental noise; 4) quantification of '
information content and effcctive channel capacity; 5) direct
evaluation of -cquivogation prebabilities. Among other results,
we might be able to specifly simple transformations of the
multispectral data which improve classification accuracy.




SECTION 6.0
CONCLUSTONS

The simulation studies reported herce highlight the
presence of a number of cffects which are 1ikely to be
troublesome if disregarded in the analysis of the data to
be acquired by the Thematic Mapper. Our analysis of these
effects has, in addition, provided some concrete suggestions
for tcchniques which might be employed to minimize or climi-

nate many of thesc problems.

We have scen that the presence of an albedo boundary
on the carth may affect the radiances associated with points
on the ground as_much as 1 km away from the boundary. This
is due primarily to light which has been reflected from the
ground outside the ITOV and scattcred by the atmosphere into
the sensor. Thus, the effect is..enhanced by increases in
the optical thickness of the atmospherc (increasing turbidity
and/or decrecasing wavelength).-..Becausc.-of variations in the
illumination of the ground associated with ground scattered
light, the boundary effects are more pronouncéd on the bright
side of a boundary.

For the purposc of analysis, we have seen that it is
very uscful to characterize the remotely sensed radiances

by three functions (in addition to the ground albedo pattern):

Io, the purc atmospheric path radiance; A(r) the atmospheric
spread function; and T_(r), the ground illumination. Wec note
that -all of these are influenced by the optical state of the
atmosphere; I, and 1_ are functions of the solar zenith angle;
and I0 and A arc functions of the receiver nadir angle.

If no ground truth or a: -iliary data is available, we
have scen that it is generally not possible to separate the

ground albedo g(r) from the ground illumination, ]él: they
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always appear as a product: g(r) I (r). We have, however,
suggested indircct means f{or mitigdting this difficulty. If
the ground albedo is necarly uniform or if the variations in

the ground albedo are rapid with respect to the range of the
spread function, the radiances may be transformed by the
non-lincar transformation of cquation 3.4 provided that
cstimates of IO, T, and S arc available. The resulting
effective albedos arc then direccly relatcd to the physical
albedo through convolution with the normalized spread function.
Since Io’ T, and S appecar to be approximately lincarly reclated,
.a knowlecdge cof I, sufficics to determine T and S approximately.
From our analysis of thc classification problem, it appears
that an opcrationally uscful estimate of Io may be obtained
from the correclation of the signatures of unknown data sets
with training field data sets (taking care that the data to

be correclated are selected in similar ways). ‘An estimate of
the spread function must then be made in order to deconvolve
the extra IFOV radiance.- This might be done in scveral ways.
Onc method which might prove to be operationally feasible l

is -to use the gradient of the intensity near field boundaries
as a guide to the sclection of a candidate spread function 1
from a dictionary of spread functions (previously compiled
through modeling). Because of finite ficld size effects,

only the inner part of the spread function can be estimated
using the intensity gradient method. .It might thercforec be
possible to specify the inaer spread function through measurc-
ment of intensity gradients and to obtain the remainder

through analytic continuation if the tail of the spread
function can be characterized. The atmospheric spread func-
tion has not yet been suflficiently thoroughly studied ‘to
permit this, hoewever. '

Once..an opcrationally adequate estimate of the spread
function has been made, there remains the problem of decon-
volution. This can be donc numerically using fast Fourier

transform techniques. Nuwerical deconvolution is, on the

cther hand, extreomely tiwe consuming and costly when very
) . z <o
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' many pixels must be processed, A better approach would bhe

i to use optical techniques for the deconvolution,

; : This study has provided some of the tools which wonld
be needed for the implementation of imape enhancement toch-
! niques.  We have compiled o short cat, lTog of MIE's in a
form suitable for combination with actual instrumental MIE's
. and construction of spread functions for the sensor-atmosphore
| system. Our wmodel analysis- of <the behavior of the intensity
near the boundary of two semi-infinite planes indicated the
presence of an oextended range over which the intensity varioed
| Fincarly in a semi-lop plot: 1 ~ a+b &n x.  This implics
i | that the line spread function possesses a /X behavior over
| this range -and that the point spréad function has an approxi-

e/ . . . .
i : mate 1/r” behavior in a corresponding range.  Preliminary:

analysis farther indicates that the spread function should

decay exponentially at Iarpe distances.,

There arce o number of aspects of the remote sensing
radiative transtfeor problem which wo have not yot examinod.
The fwpact of vartability in acrosol type should be assessced.
We have, in this study, restricted oursclves to a single
size distribution and redractive index.,  The specific influ-
cnce ot nearby clouds remains—to be investigated. Purther,
it is probable that the bidirectional refleéctance propertics
; of various Kinds-of target ficelds can have a signiflicant
| impact on- sensed radiances and upon ¢lassification errvors,

This should detinitely be addressed in future studices.

We believe that further work should be done to tmple-— ‘
ment~the classification formatism which was Fricfly considered f
in Scction 5.0 Aso part of this eftort, the spread function and —
practical means for ovaluating it should be studied.  Our
| formatl ism would provide the casicest, Teast expensive and
most precise means for analysing the iwmpact upon classilica-

tion crror of, for example, crrors in the spread function,
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quantization noise, specific sampling strategics, ground
illumination coffects, specific transformations of  he data
(such as conversion to offective albedo), specific choices
for discriminants, ote. Within this Cramework, proposed
schemes Tor classitication improvement could be thoroughly
tested under precisely controlled model conditions,  The
results of these tests could then be veritioed by trial

with observational data.
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